Twenty-five syndactylous Angus cattle, characterized pathologically, were reported from 16 herds in 10 states from 1979 to 1994. Twenty-one (84%) had all 4 legs syndactylous, 3 (12%) had 3 legs syndactylous, and 1 (4%) had 2 legs syndactylous. All syndactylous cattle walked with considerable difficulty. Hooves of aged animals became curled and bent laterally or medially. Affected hooves had the appearance of a truncated cone, the base of which was located at the coronary band. Most hooves were fused completely with no indication of dual anlage. An occasional hoof had a distal notch, and other hooves had a dorsally located groove indicating dual embryonic origin. Lateral dewclaws were enlarged in most cases. Radiographs and dissections of limbs of 19 animals revealed a consistent pattern of fusion in most affected calves. Lesions included 1 or more of the following: disappearance of the large metacarpal and metatarsal intertrochlear notches, horizontal fusion of 1 or more carpals and tarsals, fusion of proximal sesamoids, 1 distal sesamoid, and fusion of paired phalanges. Evidence of a genetic cause consisted of 11 syndactylous calves among 70 offspring of 4 3/4 sib families, 8 preterm syndactylous fetuses among 148 preterm fetuses and 13 calves in progenies of 19 animals tested for possible heterozygosity, and 5 syndactylous calves from matings of an Angus syndactylous bull with 1 Angus and 4 Holstein syndactylous cows. Data were consistent with recessive inheritance at a single locus. Angus cattle with sydactytly had a larger number of affected limbs than did syndactylous Holsteins and their Angus crosses, suggesting existence of 2 recessive alleles. The allele of Holsteins (sy H ) appeared to influence phenotypic expression in a dominant pattern over the Angus allele (sy A ). Both sy A and sy H alleles acted as reccessives to the normal SY allele. Phenotypic effects on limb development were most dramatic in calves with the sy A /sy A genotype.
Syndactyly, fusion or nondivision of functional digits, is a common hereditary, regional skeletal defect of Holstein cattle, first reported in the USA in 1951. 6 Shortly thereafter, a small herd of syndactylous Holstein cattle was assembled at Kansas State University to test genetic hypotheses and provide information concerning embryology and anatomic, physiologic, and economic consequences of the defect. Results of anatomic, embryologic, and genetic studies have been published. [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [15] [16] [17] [18] [19] [20] [21] [22] Methods have been devised to test both males and females for presence or absence of the recessive syndactyly gene. 4, 5, 12, 22 These methods use superovulation of suspected heterozygous cows and/or syndactylous tester cows or semen of syndactylous bulls, embryo transfer, and early gestation cesarean sections. 4, 5, 9, 12 Syndactyly has been reported in Chianina, Hereford, and crossbred cattle of the United States. 24 Syndactyly has also been reported in Europe affecting Simmental, German Red Pied, Danish Hol-stein-Friesians (from an American Holstein bull), and crosses of a Swedish Friesian male with Swedish Redand-White ϫ Czech Pied females, as well as in Japanese native and improved black cattle. [13] [14] [15] 23, 25 In this report, we describe syndactyly in Angus cattle and compare it with syndactyly in Holstein cattle.
Materials and methods
Angus cattle either affected with syndactyly or with 1 or more ancestors known to have transmitted syndactyly were studied. The anatomic materials were collected from 1979 to 1994 through referral by veterinary practitioners, herd owners, and breed and artificial insemination organization representatives in 10 states as outlined previously. 19 The principal objectives were to investigate 1) the anatomy of syndactyly in Angus cattle, 2) comparative pathologic differences between syndactylous Holstein and syndactylous Angus cattle, 3) mechanism of inheritance of syndactyly in Angus cattle, and 4) allelism in Angus-Holstein crosses.
Twenty-five syndactylous Angus were studied on the farms of origin or at Kansas State University. Blood samples were submitted for parentage identification from all live calves for which parentage information was available. Additional information on the occurrence and nonoccurrence of syndactyly in relatives also was collected. Fetuses from Angus cattle being tested for heterozygosity by methods outlined previously were collected in veterinary practices and on farms in several states. One of us (HWL) was present at Table 1 ; Female 1, Table 6 ). Note bending and curling of hooves. most collections. Fetuses were transported to Kansas State University for further studies. 4, 5, 9, 10, 12, 22 Limbs were radiographed, photographed, and examined externally for evidence of tendon contracture, angulation or deviation, pressure sores or crusts, and abnormal dewclaws or hooves prior to dissection.
Genetic segregation analyses of 3 kinds of family data sets were performed by standard methods. 26, 27 The data sets included 1) the progeny of 4 bulls reported by owners to have included 1 or more syndactylous calves (3/4 sib families), 2) the progeny (148 preterm fetuses, 13 calves) of 19 animals tested experimentally for heterozygosity, and 3) 5 progeny produced experimentally by mating an Angus syndactylous bull with 5 syndactylous cows (1 Angus and 4 Holsteins).
Results
Anatomic studies. All syndactylous cattle walked with considerable difficulty. All affected hooves had the appearance of a truncated cone, the base of which was located at the coronary band ( Fig. 1 ). Most hooves were fused completely with no indication of dual anlage. The occasional hoof had a distal notch, and other hooves had a dorsally located groove, indicating dual embryonic origin. Syndactylous hooves underwent curling and lateral or medial bending ( Fig. 1 ) as the animals matured. Gait difficulties became severe. Skin abrasions were present on dorsal carpal surfaces of older syndactylous cattle. None of the cattle were subvital. The lateral dew claws of all syndactylous limbs were enlarged. Enlargement was more pronounced in older cattle.
Occasional lesions of osteochondrosis occurred in the radiocarpal, carpal, carpal-metacarpal, and fetlock joints. Metacarpal (Mc) and metatarsal bones I and II often were present and enlarged. Fused extensor and/ or flexor tendons or adhesions between tendons and abnormal insertions on phalanges occurred. The adaptation of muscles and tendons to the syndactylous limb was as follows: the 3 digital extensor tendons joined at the fetlock level to form an aponneurotic plate, which inserted on the second and third phalanges; the flexors remained separate and in normal position to insert normally. The superficial digital flexor commonly and the deep digital flexor rarely had a tendinous branch attached to the lateral dewclaws.
Affected calves, studied pathologically, were reported from 10 states; their ages ranged from 1 day to 3 years (Table 1) . Syndactyly occurred on all 4 limbs in 21 of 25 cattle. The left forelimb was spared in 2 cattle ( Fig. 2 ), 1 heifer had only anterior limbs affected, and 1 calf had polydactyly on the right rear leg and was syndactylous on the other 3. Ten males and 11 females were affected; the sex of 4 calves was not reported. The right front limbs had the most widespread fusion, followed by the left rear (Tables 2, 3) . Phalangeal pair III, the trochleas, and to a lesser degree the proximal sesamoids were less likely to be fused than were phalanges I and II. Vertical fusion of carpals and/or tarsals were observed in 2 cattle.
Genetic studies. The segregation frequencies, derived from the 3/4 sib families, singly (by visual inspection of their probabilities) and collectively ( 2 ϭ 0.183, 0.75 Ͼ P Ͼ 0.50) were consistent with recessive inheritance ( Table 4 ). The sex ratios in those families were 13:16:41 (male : female : unrecorded); among the 11 syndactylous animals, 5 were males and 6 were females.
Test matings in 9 states involved 19 (9 M, 10 F) test animals, potentially heterozygous because they had 1 or more known heterozygous ancestors (Table  5 ). Most tests involved multiple ovulation and embryo transplant. Tested animals were often related, tracing to 1 or both of 2 bulls, father and son, known to have transmitted syndactyly. One hundred forty-eight progeny were examined as fetuses and 13 as calves. Two males (no. 1 and no. 2, Table 5 ) were mated to normal daughters of known carrier Angus bulls; 1 of these males (no. 2) sired the 13 calves and 22 of the collected fetuses. One male (no. 5, Table 5 ) was mated to a normal Angus cow that had produced a syndactylous calf and to a syndactylous cow. Other test animals were mated to 1 or more Holstein, Angus, or Chianini ϫ Holstein syndactylous animals. Included for completeness of genetic analysis is 1 trial previously reported ( Table 5 , animal no. 10). 22 The sex ratio among all 161 progeny was 87:72:2; among the syndactylous progeny, 7 were male and 1 was female. Based on pedigree information at the inception of each breeding trial and assuming that the animals being tested were a random sample of their kind, the probability of each normal test animal being heterozygous, Pr[ϩ/sy], was calculated ( Table 5 ). Like probabilities were calculated for each normal mate; syndactyous mates were assumed homozygous, Pr[sy/sy] ϭ 1.00. These probabilities were used to calculate expected numbers of syndacylous progeny from the matings. The exact 4  3  2  3  3  3  3  3  3  2  3  3  2  2  2  3  2  3  4   4  3  4  3  4  3  2  3  3  2  3  3  2  2  2  4 2  3  4  5  8  9  10  11  12  13  14  15  16  17  18  19  20  23  24   2  1  2  1  2  1  1  2  2  1  1  1  1  1  1  1  1  1  2   1  1  1  1  1  1  1  1  2  1  1  1  1  1  1  1  1 4  3  3  3  3  3  2  3  3  2  3  2  3  3  3  3  2  3  4   4  3  2  3  3  3  2  3  3  2  3  2  3  3  3  3  3  3 Table 6 ). This calf also had severe contractures of the fetlock joints. Each of the Holstein cows also produced a syndactylous calf ( Table 6 ). All syndactylous Holstein-Angus cross calves had Յ3 feet affected (Fig. 3 ). Three of these crossbred calves had vertical fusion of carpal and tarsal bones and horizontal fusion elsewhere, whereas 1 had only horizontal fusion. Other anatomic features in the Angus cross calves resembled those described previously in Holsteins. 15 
Discussion
The anatomic findings in Angus cattle may be compared in detail with those reported earlier in Holstein cattle. Syndactyly in Holsteins was recognized most readily in its characteristic form: a single digit covered with a hoof the shape of a bilaterally compressed, truncated, inverted cone. 15 The dewclaws often were greatly enlarged, with the lateral commonly larger than the medial. The most proximal synostosis involved the proximal row of carpal bones, including fusion of ulnar and intermediate, as well as the combination of all 3 into a single bony structure. The metacarpals and metatarsals revealed a variety of changes, from the presence of a narrowed intertrochlear notch to complete absence of it. The small metacarpal bones (Mc II and Mc V) often were present in abnormal size and shape, as were phalanges of the rudimentary second and fifth digits, which in a few cases formed actual Table 5 ), progeny of mating between a normal Angus bull and a syndactylous Holstein cow with both front feet syndactylous.
joints between each other. The number of proximal sesamoids ranged from 4 to 2, but no single proximal sesamoid bone has been reported. A classification system based on the number of proximal sesamoids has been devised. 15 Synostosis of the syndactylous digits was horizontal (corresponding phalanges of the 2 digits). A fusion gradiant was noted in animals with Ͼ1 affected limb. Fusion always was more advanced in the right forelimb, and when hind limbs were affected, fusion was more severe in the forelimbs. In hind limbs, the malformation again followed a rightover-left pattern. 15, 17 The pattern of occurrence of syndactyly on the limbs in Holstein and Angus cattle differed sharply. Earlier reports on 87 syndactylous Holsteins indicated that 20 had only the right front limb affected, 1 had the left front only, 44 had both front limbs, 9 had both front limbs and the right rear, 3 had both front and the left rear, 1 had the right front and both rear, and only 1 had all 4 limbs affected. Moreover, 2 Holsteins from syndactylous parents were normal. 17 Twenty-two of the 25 Angus described here had all 4 limbs affected. Only 1 had just the front limbs affected, and 2 had the right front and both rear limbs affected. This breed difference in the patterns of affected limbs is unlikely to be a result of chance sampling from a common pattern of occurrence (Kolmogorov-Smirnov test, P Ͻ 0.001). No striking right-left or front-rear gradients occurred in the Angus cattle such as appears in Angus-Holstein experimental matings (Table 6) .
Recessive inheritance was supported by data from experimental matings of affected Angus and Holstein cattle and from the 4 3/4 sib sire families reported from the field. Data from testing 19 suspected heterozygotes were supportive when considered individually but were less so when pooled because of the low number of affected offspring. Because of the deficiency of syndactylous fetuses in these data, several alternative analyses were performed. First, probabilities were adjusted for sequential testing that occurred in matings of 7 animals (Table  5 ). This adjustment reduced the deficiency to 11.84 (60%) syndactylous animals, still beyond the range of sampling error ( 2 ϭ 8.06, 0.005 Ͼ P Ͼ 0.001, 1 df). Matings of these 7 animals were done in sequential groups with the assumption that further matings would be stopped if affected calves were born and carrier status determined. The persistent deficiency of syndactylous offspring in the test matings after adjustment for sequential testing was investigated further. Second, a bias may have been introduced by the unequal number of offspring derived from the various mating types. Two sires (nos. 1, 2; Table 5 ) had 4 times the number of offspring with no affected calves. These animals were not likely to be carriers, and data generated by their repeated breedings would be distinct from data generated by a random selection of sires from the population with similar pedigrees tested individually. Third, the subset of tests that produced syndactylous fetuses was reexamined. This analysis freed us of the assumption of random sampling of parental types based on pedigree probability and provided additional information. Reanalysis was based on truncate selection of proband families. The mathematical prediction was 12.1 syndactylous fetuses; 8 were observed among the 24 fetuses produced. The deficit of 4.1 syndactylous fetuses (34%) was insufficient to allow rejection of the recessive hypothesis ( 2 ϭ 2.81, 0.10 Ͼ P Ͼ 0.05).
Finally, the data (Table 5) , unadjusted for sequential sampling, were pooled with those from the 3/4 sib families (Table 4 ) and the breeding trial ( Table 6 ). The deficiency of syndactylous progeny (11.33) fell just at the limits of the customarily accepted range ( 2 ϭ 4.27, 0.05 Ͼ P Ͼ 0.025, 1 df). After adjusting for sequential tests in field testing of 7 possible heterozygotes, the overall deficiency fell further to 10.60 syndactylous progeny, just within the customarily accepted range ( 2 ϭ 3.81, 0.10 Ͼ P Ͼ 0.05, 1 df). Substituting the field testing data subset that produced syndactylous animals for the full set resulted in an overall deficiency of 2.86 syndactylous progeny, a very good fit to expectations ( 2 ϭ 0.42, 0.75 Ͼ P Ͼ 0.50, 1 df).
A similar data subset from 15 Holsteins that sired syndacytlous fetuses 8 was reanalyzed for comparison. In that subset, 27/63 fetuses were syndactylous; 36.1 would be expected. The deficit of 25% approached significance ( 2 ϭ 5.42, 0.025 Ͼ P Ͼ 0.01). This data subset 8 pooled with our Angus subset still showed a significant although much smaller deficit of 13.2 syndactylous fetuses (27%) ( 2 ϭ 8.11, P Ͻ 0.005).
Previous researchers also had noted a deficiency of female fetuses in both syndactylous and normal ϩ/sy fetuses in this data subset. 8 Among 34 normal fetuses, 23 were male and 11 were female. 10 Among 26 sy/sy fetuses, 16 were male and 10 were female. In the corresponding Angus data subset, among 16 normal fetuses, 11 were male and 5 were female. Among 8 sy/ sy fetuses, 7 were male and 1 was a syndactylous female. Pooling the 2 data sets shows a male : female ratio among normal fetuses of 34:16 ( 2 ϭ 6.48, 0.025 Ͼ P Ͼ 0.010). Among sy/sy fetuses, the sex ratio was 23:11 ( 2 ϭ 4.23, 0.05 Ͼ P Ͼ 0.025). Paradoxically, in a previously published data subset comprising animals that produced no syndactylous fetuses among 189 fetuses, researchers reported the sex ratio of 94:95 offspring, even though about half of the fetuses would have been expected to have been heterozygous. 18 The sex ratio in the data set reported here, which included 13 calves and 124 fetuses, also was undisturbed, 69: 63:5 (male : female : unrecorded). No explanation for these differences can be offered; sampling error seems unlikely.
The deficiency of syndactylous fetuses may have been due to inaccurate pedigrees of test animals, breeder selection of test animals, greater embryonic mortality of affected fetuses (especially female fetuses) transferred as embryos, errors in diagnosing syndactyly in fetuses, 10 incomplete penetrance of 1 or both alleles, or chance sampling error.
One alternative cause of the deficiency of syndactylous fetuses might be the result of incomplete penetrance of the sy A allele as previously described for the sy H allele in Holsteins. 11 In matings of syndactylous Holsteins, 3 normal progeny and 11 syndactylous progeny were produced, suggesting a penetrance of 79%, a deficit of 21%. The normal progeny were full sibs; 2 that lived to reproduce had syndactylous offspring. 11 Because Angus-Holstein matings produced syndactylous progeny, syndactyly in both Angus and Holstein cattle appears to be governed by the same locus. The differences in the numbers of syndactylous limbs in the 2 breeds and their crosses is explained most simply by assuming the existence of 2 recessive syndactyly alleles, sy H and sy A , with the Holstein allele sy H being dominant over the Angus allele sy A and both recessive to the normal allele SY.
